Helicobacter pylori infection is associated with the occurrence of chronic gastritis and is implicated in causing peptic ulcer diseases and gastric malignancies, such as mucosa-associated B-cell lymphoma and adenocarcinoma of the stomach (2, 11, 28, 39) . This organism was recently categorized in carcinogen group I by the World Health Organization (17). Although serological studies have shown H. pylori infection in approximately half of the world's population, it is not clear how this pathogen persists in the stomach.
Eradication of chronic H. pylori infection with antibiotics obviously influences treatment for gastroduodenal diseases and reduces clinical symptoms. However, several problems are associated with antimicrobial therapy, including its side effects, as well as the generation of resistant strains of H. pylori (19, 25) . Therefore, the development of a prophylactic vaccine would be an attractive strategy against H. pylori infection. Although the use of crude or purified H. pylori antigens has been explored in several animal models for the induction of protective immunity against Helicobacter species, these efforts have not resulted in the development of an optimal vaccine (20, 21, 26) .
H. pylori heat shock protein 60 (HSP60) is known to be well conserved among different bacterial strains and is a strong immunogen (36, 38) . Our previous studies showed that H. pylori HSP60, located on the bacterial surface, was involved in adhesion to gastric epithelial cells (35, 36) . Moreover, Ferrero et al. have reported that vaccination with H. pylori HSP60 reduced colonization by H. felis in mice (9) . Thus, these findings imply that H. pylori HSP60 has the potential to induce protective immunity against H. pylori infection.
In the present study, the efficacy of H. pylori HSP60 as an oral vaccine against H. pylori infection was assessed both in specific-pathogen-free (SPF) C57BL/6 and germfree (GF) IQI mice.
MATERIALS AND METHODS
Bacterial strains and preparation of antigens. H. pylori clinical isolate 1402 (vacA ϩ cagA ϩ ), obtained from a patient with gastritis, was used. H. pylori clinical isolate TK1029 (vacA ϩ cagA ϩ ), obtained from a patient with gastric ulcer, was used for the amplification of the hsp60 gene and for the preparation of native H. pylori HSP60 by affinity purification methods described previously (34) . E. coli pop2136 was used for the amplification of the groEL gene and for the transformation of expression plasmid pEX, which is capable of producing a ␤-galactosidase fusion protein (32) . Construction of the E. coli expressing fusion proteins and the preparation of recombinant fusion protein was done by previously described methods (34, 37) . cDNA fragments encoding E. coli GroEL and H. pylori HSP60 were amplified by PCR with the following primer sets: upstream for E. coli groEL, 5Ј-GAA TTC ATG GCA GCT AAA GAC GTA AA-3Ј; for H. pylori hsp60, 5Ј-GAA TTC ATG GCA AAA GAA ATC AAA TT-3Ј; and downstream for both genes, 5Ј-GAA TTC TTA CAT CAT GCC GCC CTA GC-3Ј. The GAATTC sites recognized by the EcoRI enzyme were added to both 5Ј and 3Ј sides for subcloning into the plasmid. All sequences of the amplified cDNAs inserted into the plasmid were confirmed by direct sequencing. These plasmids were then used to transform E. coli pop2136. The bacteria were cultivated at 30°C and shifted to 42°C for 2 h to induce the expression of the recombinant fusion proteins. Each transformed E. coli clone was disrupted by sonication (SONIFER 250; Bronson Ultrasonics Corp., Danbury, Conn.), and the insoluble fractions were collected. The pellet was incubated in 50 mM Tris-HCl (pH 8.0) containing 1 mM EDTA, 1 mM dithiothreitol, and 8 M urea for 1 h at 37°C. After the fusion proteins had been dialyzed against phosphatebuffered saline (PBS) and sterilized by filtration, they were applied as antigens for oral vaccination of mice against H. pylori infection. The fusion antigens containing E. coli GroEL and H. pylori HSP60 were designated rGalEcGroEL and rGalHpHSP60, respectively. The extract from E. coli transformed with pEX only was used as a control (rGal).
SDS-PAGE and Western blotting.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting were carried out according to the methods previously described (34 Animal experiments. SPF C57BL/6 and GF IQI mice (both female, 6 weeks old) were purchased from Nipon CLEA (Tokyo, Japan). SPF and GF mice were housed under SPF conditions and in a sterilized isolator, respectively. Each group of mice (SPF [n ϭ 20] and GF [n ϭ 14]) was orally inoculated five times on a weekly schedule with 100 g of recombinant antigen (rGal, rGalEcGroEL, or rGalHpHSP60) and 5 g of heat-inactivated cholera toxin (CT; Sigma, St. Louis, Mo.) as a mucosal adjuvant or CT alone in 500 l of PBS. After the last inoculation, 500 l of H. pylori TK1402 (5 ϫ 10 9 CFU/ml) was inoculated orally three times on a daily schedule.
Assessment of gastric inflammation. At 3 and 10 weeks after the final inoculation with H. pylori, mice were sacrificed, blood was collected for measurement of anti-H. pylori HSP60 IgG levels in serum, and stomachs were removed for determination of the number of H. pylori colonies and for the histological assessment of gastritis scores. The stomachs were washed in sterile PBS and cut longitudinally into two pieces: one half for bacterial cultures and the other half for histology. Longitudinal sections of gastric tissues from the esophageal-cardial junction to the duodenum were fixed in neutral 10% buffered formalin and embedded in paraffin. Sections of 4 m thickness were stained with hematoxylin and eosin and viewed at magnifications of ϫ100 to ϫ400. Two histologists independently examined the gastric sections in a blind fashion. Gastritis was scored according to the method described by Dubois et al. (6) as follows: 0, intact mucosal lining and no infiltration of the lamina propria with mononuclear and polymorphonuclear cells; 1, mild increase of mononuclear or polymorphonuclear cell infiltration localized to the upper half of the mucosa; 2, mononuclear and polymorphonuclear cell infiltration extending from the surface into the lamina propria; and 3, either marked mononuclear and polymorphonuclear cell infiltration extending from the surface into the lamina propria or surface erosion.
Assessment of H. pylori in gastric tissue. Gastric mucosa (width, 3 mm; thickness, 0.5 mm) was suspended in Hanks balanced salt solution (Nikken Seibutu, Tokyo, Japan), by vortexing the sample until the mucosa was disrupted, and then plated on M-BHI PYLORI agar (Nikken Seibutu), a selective agar medium. After cultivation for 4 days at 37°C under microaerophilic conditions, goldcolored colonies were counted. Determination of antibody levels against H. pylori HSP60. Enzyme-linked immunosorbent assay (ELISA) was performed as previously reported (34) . Briefly, microplates were coated with affinity-purified H. pylori HSP60 and blocked with 1% skim milk-PBS. Mouse serum diluted 1:25 was added and visualized with goat anti-mouse IgG peroxidase conjugate (Cappel Research, Durham, N.C.) and OPD buffer (pH 5.0; 0.1 M citric acid, 0.07 M sodium phosphate dibasic 12-hydrate, and 0.015% [vol/vol] H 2 O 2 ).
Statistical methods. Statistical significance for the differences between groups was assessed by using the Student t test.
RESULTS

Effect of oral vaccination against H. pylori infection.
As shown in Fig. 1 , H9 MAb reacted with a band of approximately 180 kDa in the fusion protein preparation. We first examined colonization of H. pylori in the stomach after vaccination. As shown in Fig. 2 , oral vaccination with either rGalEcGroEL or rGalHpHSP60 significantly inhibited H. pylori colonization in the stomachs of both strains of mice by 3 weeks after infection. Compared to the control rGal-inoculated mice, vaccination resulted in reduction of infection by 90 to 95%. However, at 10 weeks postinfection (p.i.), the bacterial loads in both strains of mice were similar to the control CT group, regardless of which vaccine had been applied (data not shown).
H. pylori HSP60-specific antibody levels in sera. As shown in Table 1 , elevated levels of IgG in serum against H. pylori HSP60 were present at 3 weeks p.i. in both SPF and GF mice vaccinated with either rGalEcGroEL or rGalHpHSP60. There were no significant differences between any of these groups. At 10 weeks after infection, there were still no significant differ- (10, 12, 30) . Therefore, we assessed whether H. pylori infection after oral vaccination causes gastric inflammation in these mice. As shown in Fig. 3 , mild and severe gastritis was observed only in SPF mice preimmunized with rGalHpHSP60, at 3 and 10 weeks p.i., compared to the other groups. Furthermore, no significant increase of the gastric inflammation score was observed in any GF mice for up to 10 weeks p.i. Figure 4 shows representative photomicrographs of gastric tissues of rGalHpHSP60-vaccinated SPF and GF mice at 10 weeks p.i. Severe gastritis disrupting the glandular structure, surface erosion, and marked inflammatory cell infiltration was frequently observed in the SPF mice vaccinated with rGalHpHSP60 ( Fig. 4A to C) . However, the same vaccination with rGalHpHSP60 did not cause gastric inflammation in GF mice (Fig. 4D to F 
DISCUSSION
Our results showed that oral vaccination with H. pylori HSP60 or GroEL reduced subsequent bacterial colonization 3 weeks after H. pylori infection. However, these protective effects were transient, with the bacterial load recovering by 10 weeks p.i. Several previous studies had shown that oral vaccination with H. pylori-derived antigens, including H. pylori whole-antigen or purified antigen, together with an appropriate adjuvant such as CT, have at least partial protective effects, reducing or eliminating colonization of H. pylori in animal models. These protective effects in vaccinated mice can be of extended duration (9, 10, 12, 20, 21, 30) . Although the reason for the difference between the present results and these earlier findings is still not clear, the decreasing H. pylori HSP60-specific IgG levels in serum at 10 weeks p.i. might be associated with transient protection. It may also be speculated that the extent of bacterial load depends on the kind of vaccine.
The bacterial loads in both strains of mice recovered by 10 weeks p.i., despite prior vaccination. It is known that Th2 immune responses are dominant in H. pylori infection, and have a potentially protective role for bacterial infection (5, 22, 33) . In this regard, several reports showed that Th2 immune responses lead to an increase in the number of H. pylori colonies in the stomach (4, 23, 30) . These findings seem to be a possible explanation for increased bacterial load in mice vaccinated with E. coli GroEL. However, it is still not clear how the bacterial load increased in mice immunized with H. pylori HSP60 and GroEL.
In SPF mice vaccinated with H. pylori HSP60, severe gastric inflammation, including erosion, was observed 10 weeks p.i. However, these findings did not apply in SPF mice vaccinated with E. coli GroEL. Thus, the results indicated that the postimmunization gastritis caused by H. pylori HSP60 was an antigenspecific phenomenon. A number of investigators have also reported that gastric inflammation occurs in immunized mice after challenge (postimmunization gastritis) (10, 12, 30) . However, the mechanism by which vaccination induces gastritis is still not understood. In the present study, GF mice lacking normal bacterial flora did not show gastric inflammation. Therefore, the presence of bacterial flora seems to be important for the induction of postimmunization gastritis in the H. pylori vaccination mouse model. However, the SPF and GF mice used here belonged to different strains, which may also have accounted for the differences.
Numerous studies indicate that alterations of bacterial flora relate to critical inflammatory illnesses through the stimulation of the immune system (1, 24, 31) . Interestingly, vaccinated GF piglets suffered only slight gastritis without erosion after H. pylori infection (8). Eaton et al. recently reported that immunodeficient SCID mice permit higher levels of H. pylori colonization and fail to develop gastritis compared to wild-type mice, suggesting that the host gastric inflammatory response is mediated by lymphocytes stimulated through gut-associated lymph nodes and not via direct bacterial contact (7) . In the present study, we also showed that GF mice exhibit only a few inflammatory changes without erosion and atrophy after H. pylori challenge. Thus, these findings suggest that the signals to immune cells through intestinal bacterial flora after H. pylori infection might be responsible for the postimmunization gastritis. On the other hand, it is known that several receptors such as CD14, Toll-like receptors (TLRs), and CARD4 contribute to innate immune responses to bacterial pathogens in mucosal surfaces that constitute the first line of defense against microbial pathogens (3, 16, 18, 29) . A recent study showed that upregulated stimulation through TLR2 and TLR4, which recognize bacterial cell wall components, is associated with the induction of intestinal inflammation (13) . TLR5 was recently identified as the mediator of bacterial flagellin recognition and subsequent induction of innate immune responses (14) . The upregulated stimulation via CARD4 was also associated with the induction of inflammatory bowel diseases, including Crohn's disease (15, 27) . Although the reasons for such postimmunization gastritis in SPF mice are still unknown, it may be speculated that upregulated signaling to innate immunity through receptors stimulated by the combined intestinal bacterial flora, bacterial HSP60 antigen, and H. pylori might be important. In summary, our data indicate that prophylactic immunization with H. pylori HSP60 results not only in a partial reduction of bacterial colonization but also in postimmunization gastritis in SPF mice. Because GF mice did not show this severe gastric inflammation, we conclude that the presence of bacterial flora might contribute to the induction of postimmunization gastritis after vaccination with H. pylori HSP60. Many questions remain FIG. 4 . Photomicrographs of hematoxylin-eosin-stained gastric tissues of SPF (A, B, and C) and GF (D, E, and F) mice prevaccinated with H. pylori HSP60 at 10 weeks p.i. Cardia mucosa of SPF mice frequently showed severe gastritis with disruption of the gland structure, severe inflammatory cell infiltration, and erosion (A). GF mice did not show these symptoms (D). Severe inflammatory cell infiltration was observed in mucosa in SPF mice (B) but not in GF mice (E). Antral mucosa of SPF mice also showed severe inflammatory cell infiltration (C), but GF mice did not (F). Arrows indicate inflammatory cell infiltration, and arrowheads indicate erosion. Magnification, ϫ200. 
